Interior permanent magnet synchronous motors (IPMSMs) are widely used because their size can be reduced and their motor efficiency can be improved by utilizing the residual flux of permanent magnets. The reduction of flux leakage from the bridge parts of a rotor is one of the important issues to enhance merit. In this paper, two structures to reduce flux leakage were proposed: 1) lightening of the rotor cores by using a multi-holes structure and 2) applying non-magnetic materials for reinforcing the mechanical strength of the bridge parts. Measurement of a prototype applying the above structures was also performed in a no-load and load condition. The no-load test showed a 3.1% increase in no-load back EMF, and the load test clarified that the motor loss at 8.1 Nm and 1000 min −1 was decreased by 1% as an effect of bridge narrowing compared with a conventional motor.
Introduction
Permanent magnet synchronous motors (PMSM) reduce the electric current that flows through the coils by using the residual flux of the permanent magnets to generate torque and enable motors to be made smaller and more efficient in general. PMSMs are currently widely used in industrial robots and electrical appliances. Some of the flux lines that pass through the permanent magnet interlink with the coils and are referred to as armature flux linkage. Although the armature flux linkage contributes to torque generation, some of the magnetic flux lines that pass through the permanent magnets do not interlink with the coils and are referred to as leakage flux. The leakage flux does not contribute to torque generation. Therefore, by reducing the amount of leakage flux and making effective use of the residual magnetic flux of the permanent magnets, it is possible to reduce the number of permanent magnets used in PMSMs and miniaturize and improve the efficiency of PMSMs, as a result of the reduction in the copper loss that accompanies the reduction in the leakage flux.
In cases in which permanent magnets are used in the rotor, the centrifugal force that accompanies the rotor rotation acts on the permanent magnets, and the rotor is required to have a structure for mechanically supporting the centrifugal load caused by the permanent magnets. In particular, IPMSMs, in which the permanent magnets are embedded in the core of the rotor, require bridges for mechanically supporting the centrifugal load caused by the permanent magnets. The bridges generally consist of structures that are unified with the rotor core, so magnetic flux can pass through the bridges easily. Some of the magnetic flux lines that pass through the permanent magnet become leakage flux that forms a short circuit connecting only the permanent magnet and the bridge. Leakage flux through the bridge will occur until the bridge becomes magnetically saturated when the relative magnetic permeability of the bridge approaches 1. Therefore, in order to reduce the amount of leakage flux, it is necessary to decrease the width of the bridge and make it easier for the bridge to become magnetically saturated. However, if the width of the bridge is decreased, it becomes more difficult to ensure that the strength of the bridge is sufficient for providing mechanical support.
In order to solve this problem, researchers have been conducting research on methods for reducing the leakage flux while preserving the mechanical strength of the rotor. For example, researchers have proposed methods for mitigating local stress concentration while reducing bridge width that involve using structures with holes around the end of the bridge (1) or structures in which the bridge shape has been optimized using topology optimization (2) . However, mitigating only the local stress does not change the average stress in the bridge. Since the bridge width is determined by constraints on the average stress, it is not possible to reduce the width of the bridge further. Researchers have reported reducing the leakage flux by taking advantage of the fact that magnetic flux does not easily pass through non-magnetic materials and using structures in which the permanent magnets and the core are supported by nonmagnetic wedges (3)- (5) or structures in which the core, which forms a magnetic pole in contrast to the non-magnetic support material, is supported by a connector shaped like a fir tree (6) or a connector in the shape of a dovetail joint (7) . However, since eliminating the bridges results in a structure in which the cores in each pole are separated, eccentricity tends to occur due to manufacturing tolerances, and the load tends to become concentrated at the connection between the core and the non-magnetic material. In order to mitigate stress concentration, these structures c 2018 The Institute of Electrical Engineers of Japan.
are often designed in a way that results in a tendency for the structures to have complex shapes, and it is difficult to design these structures in such a way that considers the manufacturability during mass-production. In addition, researchers have also proposed concentrated winding motors (8) in which bridge strength is ensured by using the adhesiveness of rareearth bonded magnets. Since the residual magnetic flux density of rare-earth bonded magnets is approximately half of that of rare-earth sintered magnets, the researchers proposed a rotor structure in which they increased the magnet volume. However, since this also makes it more difficult to use the reluctance torque in the field-weakening region, it also becomes harder to expand the variable speed drive region. In addition, researchers have also reported using structures that have cores in which only the bridges have been demagnetized by applying heat treatment (9) (10) . However, the saturation flux density of the core material was still low as of the time of the report, which implies that it will be difficult to use this motor for high output density conditions. Based on the above, in this report, we propose methods for decreasing the width of the bridge by reducing the weight of the rotor core and reinforcing the bridges with non-magnetic material to achieve our goal of reducing leakage flux. The methods use materials that are readily commercially available and involve simple structures that have good machinability for mass production. Below, we explain the proposed methods and their effects in detail. In addition, we also report the results of our investigation on increasing the efficiency of IPMSMs in which both of the proposed methods have been applied.
Reducing the Weight of the Rotor Core
In IPMSMs, the centrifugal load that acts on the bridge is proportional to the mass of the permanent magnets as well as the mass of the d-axis rotor core that is located at the outer circumference of the rotor (see Fig. 1 ). Therefore, by reducing the mass of the d-axis rotor core, it is possible to reduce the centrifugal load that acts on the bridge, which enables the width of the bridge to be reduced. In the V-shaped magnet arrangement, shown in Fig. 1 in particular, the mass of the d-axis rotor core is large, which results in a large centrifugal load that acts on the bridge. On the other hand, the magnetic flux density at the inner side of the d-axis rotor core is small compared to the magnetic flux density at the outer side and has not yet reached the saturation flux. Therefore, it is possible to reduce the centrifugal load that acts on the bridge by placing holes at the inner side of the d-axis rotor core, where the magnetic flux is not concentrated. In order to validate the effect of reducing the weight of the d-axis rotor core on reducing the width of the bridge and improving the efficiency, we calculated the mechanical strength and the motor losses of the various rotor shapes shown in Table 1. Rotor shape (1) consists of a conventional V-shaped magnet arrangement structure. Rotor shapes (2)-(4) are onehole models, in which a single hole is made at the inner side of the d-axis rotor core. Rotor shapes (5)- (7) are multi-hole models, in which multiple holes are made at the inner side of the d-axis rotor core. Compared to the conventional structure (1), rotor shapes (2) and (5) are 2% lighter, rotor shapes (3) and (6) are 4% lighter, and rotor shapes (4) and (7) are 7% lighter. Each model has bridges at the outer side and inner side of the rotor. In each rotor shape, the widths of the bridges were chosen such that the values of the Von Mises stress that occur in the bridge cross-sections when the centrifugal loads act on the bridges were equal for each model. The stress analysis was performed using ANSYS Mechanical 14.0.0.
In order to evaluate the losses, we calculated the copper loss and the iron loss based on the phase current and the magnetic flux density by using two-dimensional finite element magnetic field analysis under the condition that the torque and rotational speed were constant. The sums of the copper loss and the iron loss were compared. In the magnetic field analysis, a sinusoidal current was applied, and the copper loss W C was calculated using the following equation with the RMS phase current I rms .
Here, R 1 150 is the line-to-line resistance at 150
• C. The iron loss W I was calculated by summing the values of the iron loss W I,k, f in each element k using the Steinmetz equation shown below.
Here, K e represents the eddy current coefficient, K h represents the hysteresis coefficient, f represents the frequency, and B f represents the magnetic flux density of element k vibrating at frequency f . The high frequency components that arise as a result of the spatially caused pulsations, as well as the excitation frequency, were considered. A comparison of the effectiveness of each model at decreasing the width of the rotor bridge and increasing the efficiency is shown in Table 1 . The results show that decreasing the weight of the d-axis rotor core made it possible to decrease the width of the inner bridge for rotor shapes (2)-(7). The results confirm that decreasing the weight is effective way to decrease the bridge width. On the other hand, the width of the outer bridge did not change in the multihole models and even increased in the one-hole models, even though the weight of the d-axis rotor core was reduced. The reason for the increase in the width of the outer bridge is that the region enclosed in the dashed line shown in (4) in Table 1 for the one-hole model had an greater tendency to elongate due to the centrifugal effect, which caused an increase in the bending stress that arises in the outer bridge.
The effectiveness of the different models at improving efficiency was also investigated. Since the width of the outer A Narrow Bridge Structure for Reduction of the Flux Leakage Makoto Ito et al. bridge increased in the one-hole models, the amount of leakage flux did not become smaller. The lack of change in the leakage flux resulted in the losses in the one-hole models to be approximately the same as the loss in the conventional structure. On the other hand, since the width of the inner bridge decreased in the multi-hole models, the amount of leakage flux became smaller. This decrease in leakage flux resulted in a decrease in copper losses due to a decrease in current. Furthermore, as shown in the magnetic flux line distribution in Fig. 2 , the magnetic flux lines in the multi-hole models are able to pass freely between the holes, in contrast to the paths of the magnetic flux lines in the conventional structure. Therefore, there was no increase in iron losses due to the formation of local magnetic alloy saturated regions. As described above, the analysis showed that the multi-hole model is able to reduce copper loss without increasing iron loss, which makes it possible to increase the motor efficiency. Since the weight of the rotor has been reduced in the multihole models, it can be concluded that the multi-hole models are able to achieve reduced motor weight and high efficiency at the same time.
Reinforcement with Non-magnetic Material

Reinforcement Structure
Here, we explain another structure that was used for decreasing the width of the bridge, which consists of a structure that uses non-magnetic material. This structure was created for anticipated application to mass-production. Instead of creating a bridgeless structure, which has already been investigated in conventional structures, this structure uses non-magnetic material for a reinforcement material. Figure 3 shows the reinforcement structure that uses non-magnetic material that was developed in this research. The non-magnetic material is placed on both sides of the inner bridge and has a C-shaped cross-section. Figure 4 shows the stress distribution in the bridge when a centrifugal load is applied. The stress analysis was conducted using ANSYS Mechanical 14.0.0. It is assumed that there is no slippage at the contact surface between the rotor core and the nonmagnetic material. Therefore, a bonded contact condition A Narrow Bridge Structure for Reduction of the Flux Leakage Makoto Ito et al. ) show the Von Mises stress distribution for the rotor core and the non-magnetic material, respectively. Since the bridge in the rotor core is located at the magnetic pole centers, axial symmetry implies that only tensile stress arises. Therefore, the stress that acts on the bridge is small, and it is possible to decrease the width of the bridge. On the other hand, since the non-magnetic material is located at a position that is further away from the pole centers, bending stress arises in addition to the tensile stress, so the stress conditions are more severe. However, since increasing the width of the non-magnetic material has no effect on the leakage flux, it is possible to increase the width of the non-magnetic material in order to achieve satisfactory mechanical strength. In the case in which SUS304 is selected as the non-magnetic material, the analysis showed that it is possible to decrease the width of the inner bridge by 25% compared to the case in which the bridges are not reinforced with non-magnetic material in the rotor structure shown in Fig. 3 . Figure 5 shows the magnetic flux line distribution and the leakage flux in the bridge under the no-load condition. The magnetic permeability of SUS304 was set to 1, which is equivalent to that of air. The magnetic flux line distribution shows that the magnetic flux lines avoid the nonmagnetic material, and the width of the non-magnetic material is almost completely unrelated to the leakage flux. The leakage flux is defined as the total amount of magnetic flux passing through the inner bridge. Compared to the case in which the bridge is not reinforced with non-magnetic material, reinforcing the bridge with non-magnetic material reduces the leakage flux by 32%. This confirms that reinforcing the bridge with nonmagnetic material is an effective method for reducing the leakage flux, since it makes it possible to reduce the width of the bridge.
Element Test
In the previous section, it was assumed that there is no slippage at the contact surface between the rotor core and the non-magnetic material. However, in reality, a small amount of slippage does occur. Therefore an actual measurement of the stress was performed. The stress validation was performed by extracting the structure of the area around the inner bridge of the rotor and creating an element test specimen. The stress that arose in the element test specimen in the tensile test was compared to the analysis value. Figure 6 shows the element test specimen that was used for the tensile test. SUS303 was used for the non-magnetic material. The bridge and the clamp were created as a single body using laminated steel plate. In order to prevent the non-magnetic material from flying off during the tensile test, clamping plates were placed to clamp the upper and lower ends of the non-magnetic material. The stress was calculated from the strain and Young's modulus. Strain gages were attached to the bridge in two locations and to the nonmagnetic material at one location each, for a total of four locations. The strain at each point was measured. The element test was performed on a total of six test specimens. Non-magnetic material was not embedded into three of these specimens, and the tensile test was performed on only the core material. The tensile tests were performed at room temperature and atmospheric pressure. In the analyses for comparison, the tensile test specimen shapes were modeled by replicating the shapes of the clamps and the shapes of the bolt holes as well, and the lower end of the clamp was set to be a fixed support. Tensile force was applied to the upper end of the clamp.
The results of the element test are shown in Fig. 7 and Fig. 8 . Figure 7 shows the tensile test results for the test specimen that consisted of only the core material, and Fig. 8 shows the tensile test results for the test specimen that included the non-magnetic material embedded in the core material. In each figure, the filled-in markers represent the stress in the bridge that is converted from the actual measurement of the strain, and the non-filled-in markers represent the stress in the non-magnetic material that is converted from the actual measurement of the strain. The solid lines represent the analysis value of the stress in the bridge, and the dashed lines represent the analysis value of the stress in the non-magnetic material. The tensile test results shown in Fig. 7 for the specimen that consists of only the core material show that there is a good match between the measured values and the analysis values for the stress in the region in which the average stress is below 300 MPa. A comparison between the average stresses shows that the difference, when the load was low at 0.2 pu, was 9%, and the difference, when the load was high at 0.6 and 0.8 pu, was 7%. The reason that the variance of the stress measurement was high, when the load was 1.0 pu, is that the yield point of the core material was already exceeded at this load, and either a part of the bridge or the entire bridge had already entered the plastic deformation region, which is why there is variance in the plastic deformation regions between test specimens.
A comparison of the measured value and the analysis value of the stress in the tensile test for the case of the test specimen with embedded non-magnetic material shows that the analysis value of the stress was approximately 12% larger than the measured value in the bridge and approximately 18% larger than the measured value in the non-magnetic material. One reason that the stress was overestimated in the analysis value is that compressive stress arises in the bridge when the nonmagnetic material is embedded. Since it was assumed that the stress in the material is 0 MPa when the tensile force is 0 N in the analysis, it is thought that the analysis value of the stress increased by an amount that is equal to the offset due to the compressive stress. Furthermore, in regards to the stress in the non-magnetic material, the results show that there is variance in the sizes of the loads that act on the two pieces of non-magnetic material. In one of the non-magnetic material pieces, the measured value was higher than the analysis value, while in the other non-magnetic material piece, the measured value was lower than the analysis value. Among the three test specimens, there was only one test specimen in which the measured values of the stress that arose in both of the non-magnetic material pieces approximately matched each other. In this case, the difference between the measured value and the analysis value was only 4%. Therefore, in cases in which the reinforcement structure that consists of the nonmagnetic material is applied, it is necessary to consider the deviation of the load due to dimensional tolerances when designing the mechanical strength.
Validation using a Prototype
Prototype Specifications
The prototype specifications are shown in Table 2 . The output of the prototype was chosen to be 1.5 kW, and the number of poles was chosen to be six. Figure 9 shows the appearance of the rotor of the prototype. In order to decrease the width of the bridges in Table 2 . Specification of the prototype Fig. 9 . Appearance of a narrow-bridge prototype applying multi holes structure and non-magnetic materials the prototype rotor, a multi-hole structure that was reinforced with non-magnetic material was used. In addition, we also created a conventional rotor out of the same materials with the same dimensions in which a multi-hole structure was not used and in which reinforcement with non-magnetic material was not employed. The measures that were undertaken to decrease the width of the bridge in the prototype resulted in a 57% reduction in the width of the inner bridge, while maintaining a level of mechanical strength that was equivalent to that of the conventional motor. The same stator was used in both motors, and the widths of the outer bridge of the rotors were the same.
Measurement Method
In this validation, we performed a no-load test and a loaded test on both the conventional motor and the prototype. In the no-load test, the rotor was rotated through external drive, and the no-load induced EMF and the no-load iron loss were measured. The no-load iron loss P Fe,0 was calculated by subtracting the mechanical loss P fw from the no-load loss P 0 .
In the loaded test, the motor under test was rotated using a general-purpose inverter, and the input and output were measured. The carrier frequency of the general-purpose inverter was chosen to be 2 kHz. Figure 10 shows the measured values (dots) and analysis values (line) of the noload induced EMF. A comparison of the no-load induced EMF when the rotational speed was 600 min −1 shows that the value was 84.7 V for the conventional motor and 87.3 V for the prototype, and that the value was 3.1% higher in the prototype. This is thought to be due to the increase in the armature magnetic flux linkage in the prototype due to the decreased width of the bridge. In the analysis of the prototype, the value was 95.0 V, which is 8.8% higher than the measured value. This is thought to be due to an increase in leakage flux A Narrow Bridge Structure for Reduction of the Flux Leakage Makoto Ito et al. caused by the non-magnetic material having a certain amount of magnetism due to processing distortion. In order to confirm this, the analysis was performed with the relative magnetic permeability of the non-magnetic material (SUS304) set to 10, which resulted in the no-load induced EMF becoming 87.1 V, which matched the measurement. Therefore, the following analyses are performed with the relative magnetic permeability of the non-magnetic material set to 10. Figure 11 shows the measured value and the analysis value of the no-load iron losses in the conventional motor. The vertical axis in this figure is normalized with the measurement at a nominal rotational speed of 600 min −1 defined as 1 pu. The analysis value of the iron loss was defined to be the value of the iron loss calculated, using Equation (2), using two-dimensional finite-element magnetic field analysis multiplied by the building factor. The iron loss building factor was chosen to be the value that minimizes the difference between the analysis value and the measured value. The obtained iron loss building factor was 1.21. Figure 12 shows the measured value and the analysis value of the no-load iron loss of the prototype. The eddy-current loss in the magnet, eddy-current loss in the non-magnetic material, and the eddycurrent loss due to electrical shorting in the multi-hole part were considered. However, these losses were almost nonexistent and were thus ignored. A comparison of Fig. 11 and Fig. 12 shows that the measured value of the no-load iron loss is 7.0% larger in the prototype than in the conventional motor when the rotational speed is 600 min −1 . This increase is approximately equivalent to the increase in the no-load induced EMF raised to the power of 2.2. This is thought to be caused by the increase in the stator iron loss due to the increase in the Figure 13 shows the measured value and the analysis value of the loss for a torque of 8.1 Nm and a rotational speed of 1000 min −1 . In order to compare the electrical properties, the mechanical losses are not included in the various losses. The scale for the losses was normalized with a value of 1 defined as the measured loss in the conventional motor. A comparison of the measured losses reveals that the loss in the prototype was 1% lower than the loss in the conventional motor. In order to analyze the factors that caused this reduction, the loss under load was calculated using two-dimensional finite-element magnetic field analysis. In the loss analysis, the losses under load were divided into three types of losses, which consisted of copper loss, iron loss, and stray load loss. The copper loss was calculated by correcting the line-to-line resistance in Equation (1) by the winding temperature. The stray load loss was calculated to be 0.5% of the output. The iron loss was calculated according to the method described in Section 4.3. The results of a loss analysis performed using these calculation methods showed that the difference between the measured value and the analysis value of the loss was less than 1%, which indicates a good match. A breakdown of the analysis value of the loss is shown in Table 3 . In the prototype, a 3% reduction in the phase current resulted in a 6% decrease in the copper loss. The results demonstrate that reducing the A Narrow Bridge Structure for Reduction of the Flux Leakage Makoto Ito et al. Table 4 . Loss breakdown of the calculated results in Fig. 14 copper loss contributes to a reduction in loss. The reduction in the copper loss is thought to be a result of the reduction in the leakage flux due to the decrease in the width of the bridge. On the other hand, there was no difference in the iron loss between the motor for comparison and the prototype.
Results of No-load Test
Results of the Load Test
In order to isolate the effects of the multi-hole structure and the reinforcement structure made of the non-magnetic material, the loss breakdown results for the multi-hole structure and the reinforcement structure, made of the non-magnetic material, are shown in Fig. 14 for a case in which the analysis was performed using a sine wave input. The analysis was performed with the torque set to 8.1 Nm and the rotational speed set to 1000 min −1 . The numbers are shown in Table 4 . The widths of the bridges in each model were chosen such that the mechanical strengths were equivalent to that of the conventional motor. The copper loss in the model that included only the multi-hole structure was 4% lower than in the prototype, and the copper loss in the model that included only the reinforcement structure made of non-magnetic material was 2% higher than in the prototype. This result is due to the fact that the analysis was performed with the value of the relative magnetic permeability of the non-magnetic material in the prototype set to 10, which is an appropriate value, as explained in Section 4.3. The fundamental frequency component (Rt. 1 st ) and the harmonic components (Rt. h) of the rotor as well as the fundamental frequency component (St. 1 st ) and the harmonic components (St. h) of the stator of the iron loss were approximately equivalent for all three models. Although it was thought that the harmonic components of the rotor would increase, due to the increase in the magnetically saturated region in the d-axis rotor core for the model that included the multi-holes structure when the motor was under load, the increase of the harmonic components of the rotor remained under 0.1% of the sum of the copper loss and the iron loss. This analysis shows that although the leakage flux from the non-magnetic material weakens the effectiveness of the multi-hole structure at reducing loss, the decrease in the width of the bridge reduces the copper loss, which means it is still possible to reduce the motor losses in this manner. The measurements from the prototype also demonstrate these results. Figure 15 shows an analysis map of the difference in efficiency of the prototype with respect to the conventional motor in the case in which the relative magnetic permeability of the non-magnetic material (SUS304) was equivalent to 10% of the processing rate. Although the increase in the noload induced EMF is expected to lead to reductions in the copper loss in the proposed model that includes a decrease in the width of the bridge, the no-load iron loss increased. This is the reason that the prototype has a lower efficiency than the conventional motor in the high-speed low-torque region, where the iron loss is dominant. On the other hand, the efficiency of the prototype improves in the low-speed hightorque region, where the effect of copper loss reductions due to the decrease in the width of the bridge is large. These results show that in order to obtain higher efficiency by decreasing the width of the bridge, it is necessary to operate the motor within the region in which the torque is higher than on the line indicating an efficiency change of zero shown in Fig. 15 .
Conclusion
In this report, we investigated the effectiveness of reducing
